Although Staphylococcus aureus persistence in osteoblasts, partly as small-colony variants (SCVs), can contribute to bone and joint infection (BJI) relapses, the intracellular activity of antimicrobials is not currently considered in the choice of treatment strategies for BJI. Here, antistaphylococcal antimicrobials were evaluated for their intraosteoblastic activity and their impact on the intracellular emergence of SCVs in an ex vivo osteoblast infection model. Osteoblastic MG63 cells were infected for 2 h with HG001 S. aureus. After killing the remaining extracellular bacteria with lysostaphin, infected cells were incubated for 24 h with antimicrobials at the intraosseous concentrations reached with standard therapeutic doses. Intracellular bacteria and SCVs were then quantified by plating cell lysates. A bactericidal effect was observed with fosfomycin, linezolid, tigecycline, oxacillin, rifampin, ofloxacin, and clindamycin, with reductions in the intracellular inocula of ؊2.5, ؊3.1, ؊3.9, ؊4.2, ؊4.9, ؊4.9, and ؊5.2 log 10 CFU/100,000 cells, respectively (P < 10 ؊4 ). Conversely, a bacteriostatic effect was observed with ceftaroline and teicoplanin, whereas vancomycin and daptomycin had no significant impact on intracellular bacterial growth. Ofloxacin, daptomycin, and vancomycin significantly limited intracellular SCV emergence. Overall, ofloxacin was the only molecule to combine an excellent intracellular activity while limiting the emergence of SCVs. These data provide a basis for refining the choice of antibiotics to prioritise in the management of BJI, justifying the combination of a fluoroquinolone for its intracellular activity with an anti-biofilm molecule, such as rifampin.
S
taphylococcus aureus represents the leading cause of bone and joint infection (BJI) (1, 2) . This particular tropism and its ability to cause difficult-to-treat infections lie in the wide panel of staphylococcal virulence factors, which allow host colonization, tissue invasion, and host immune system subversion (3, 4) . With regard to BJI, three phenotypic mechanisms provide a bacterial reservoir responsible for staphylococcal BJI chronicity and relapses. First, by promoting immune system and antimicrobial action evasions, biofilm formation has been associated with persistent BJIs, emphasizing the need of infected tissue removal, especially in cases of orthopedic device-associated infections (ODIs) (5) (6) (7) . Second, implications of the ability of staphylococci to invade and persist within bone cells, and especially osteoblasts, in BJI chronicity has been suggested for years by numerous studies evaluating this mechanism using a few laboratory strains (8) (9) (10) . We have recently demonstrated this hypothesis among a large collection of clinical BJI isolates of methicillin-susceptible and -resistant S. aureus (11, 12) . Finally, bacterial phenotype switching to small-colony variants (SCVs) has been associated with BJI persistence and is enhanced under adverse/stressful growing conditions, such as those for bacteria embedded in biofilms, internalized within host cells, and/or in the presence of antibiotics (13) (14) (15) .
To date, the choice of antimicrobial therapy for S. aureus BJI relies mainly on in vivo experimental models of BJI or foreign body infections, and is guided by the in vitro antibacterial activity and bone diffusion of antimicrobials (1, 2, 16) . Recently, certain pathophysiological mechanisms of BJI have also been taken into consideration. For instance, the use of rifampin is recommended in ODI due to its activity into staphylococcal biofilm (16, 17) . Although S. aureus can be internalized into human osteoblasts and persist in bone cells partly as SCVs, which can lead to an intracellular bacterial reservoir responsible for BJI chronicity and relapse, the intracellular activity of antimicrobials is not currently considered in the treatment strategies of BJI. Therefore, we aimed to evaluate the intraosteoblastic activity of the main antimicrobials used for staphylococcal BJI in an in vitro model of osteoblast infection and to assess their impact on the emergence of intracellular SCVs.
MATERIALS AND METHODS
Bacterial strain. The methicillin-susceptible S. aureus HG001 strain was used for all of the experiments. The MICs of the antimicrobials tested in the cellular model were determined by the Etest method using MuellerHinton agar according to the manufacturer's instructions (bioMérieux, Marcy l'Etoile, France) and the recommendations of the French Committee for Antimicrobial Susceptibility Testing (CA-SFM).
MG63 osteoblastic cell culture. All cell culture reagents were obtained from Gibco (Paisley, United Kingdom). The human osteoblastic cell line MG63 (CRL-1427) (18) , purchased from LGC standard (USA), was routinely cultured in a humidified incubator at 37°C in a 5% CO 2 atmosphere in a growth medium (CGM) consisting of Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal calf serum, 25 mM HEPES, and 2 mM L-glutamine with or without 100 U of penicillin/ml and 100 g of streptomycin/ml (CGM with antibiotic). The cells were passaged once a week and used up to passage 20 after thawing. Prior to assays, osteoblasts were seeded at 40,000 cells per well into 48-well tissue culture plates (Falcon, Le Pont de Claix, France) in 500 l of growth medium with antibiotics and cultured for 24 h until achieving 70 to 80% confluence.
Bacterial suspension standardization and osteoblast infection. Prior to the assays, the S. aureus HG001 strain was subcultivated on Columbia agar supplemented with 5% sheep blood (COS; bioMérieux) at 37°C for 24 h. Three colonies were then used to inoculate 5 ml of brain heart infusion (tube, 15 by 130 mm; BHI; AES, Bruz, France) incubated overnight at 37°C. The suspensions were washed and resuspended in CGM at a concentration corresponding to a multiplicity of infection of 100 by using a previously established clone-specific regression formula correlating the bacterial density (CFU/ml) with the optical density at 600 nm (OD 600 ): CFU/ml ϭ (7 ϫ 10 8 ϫ OD 600 ) -(3 ϫ 10 7 ) (data not shown). Normalized bacterial suspensions were then sonicated for 10 min at 100% (Bactsonic; LaboModern, Paris, France) to minimize clumping and added to the bone cell culture wells. After incubation for 30 min at 4°C to allow sedimentation of the bacteria while blocking internalization, all of the cultures were simultaneously transferred to 37°C to synchronize the beginning of the internalization step. After 2 h, the cell cultures were washed twice with 500 l of DMEM, followed by incubation for 1 h with growth medium supplemented with 10 g of lysostaphin (Sigma-Aldrich, SaintQuentin Fallavier, France)/ml to kill the remaining extracellular staphylococcal cells.
Antimicrobial intracellular activity and impact on intracellular SCV selection. After killing the extracellular bacteria with lysostaphin, the infected cells were washed twice with DMEM and then incubated for 24 h with growth medium containing the tested antimicrobials at three concentrations. The "bone concentration" (C bone ) corresponded to the intraosseous concentrations reached in humans when using standard therapeutic dosages and was determined after a pharmacologic literature review (19, 20) . These molecules were also used at minimal (C min ϭ C bone /3) and maximal (C max ϭ C bone ϫ 3) concentrations to assess the existence of potential dose effects (Table 1) . For each condition, lysostaphin at 10 g/ml was also added to the growth medium to kill the bacteria released upon host cell lysis, thus preventing these bacteria from reinfecting new host cells.
After 24 h of incubation, the osteoblasts were washed twice with DMEM and subsequently lysed by a 10-min incubation with sterile water. Cell lysates were sonicated to minimize clumping, and dilutions of these lysates were spiral-plated in duplicate on COS using a WASP automated plater (AES Chemunex, Bruz, France). After overnight incubation at 37°C, the plates were photographed, and the wild-type and SCV colonies were enumerated. A commonly used operational definition of SCVs based on colony size states that colonies with a size less than one-fifth of that of the wild-type strain can be considered SCVs (14) . Previous reports were based on visual inspection of cultures by an operator. To eliminate operator dependency, SCV quantification was performed using an automated process in which a high-resolution picture of each plate was taken and analyzed by means of the image analysis software ImageJ (W. S. Rasband, National Institutes of Health, Bethesda, MD) (21), with a customized macro involving color thresholding, awatershed algorithm, and particle analysis, in order to extract the distribution of colony areas. The wild-type colony area was defined as the median area of all colonies (because the median is robust to outliers, the presence of SCVs did not influence significantly this measure), and SCVs were defined, according to the usual operational definition, as colonies with an area less than one-fifth of the median area. Of note, antimicrobial-induced cytotoxicity was assessed by quantifying lactate dehydrogenase (LDH) release (resulting from damaged cells) in the cell culture supernatant of osteoblasts incubated with each tested antimicrobial at C max using a colorimetric method (Dimension Vista automated clinical chemistry analyser; Siemens Healthcare Diagnostics, Tarrytown, NY).
Statistical analysis. For every concentration, each antimicrobial agent was evaluated in triplicate in three independent experiments. The results are presented as means with the 95% confidence intervals (CI) of the nine measure points available for each condition. To standardize the results, intracellular inocula were normalized for 100,000 osteoblasts and expressed as changes observed in the number of intracellular CFU (⌬log CFU) at 24 h compared to untreated cells using the Mann-Whitney Utest. Intracellular SCVs were expressed using the ratio of the number of SVC colonies among antimicrobial agent-treated cells compared to untreated osteoblasts. The existence of a dose effect was assessed by linear regression between the three used concentrations. A P value of Ͻ0.05 was considered significant. All analyses were performed using GraphPad Prism (v5.03; GraphPad Software, San Diego, CA). a MICs were determined by using the standard diffusion method (Etest). Usual plasmatic and bone/plasma concentration ratios were determined after a literature review, especially from the review ofLandersdorfer et al. (19) . b C bone , bone concentration; C min , minimal concentration; C max , maximal concentration.
RESULTS
Susceptibility studies. The MICs, as determined by the Etest method, showed that S. aureus HG001 was fully susceptible to all of the antistaphylococcal molecules tested in the present study (Table 1) . Antimicrobial agent-induced cellular toxicity. The data obtained by the LDH release assay demonstrated that the antimicrobials used at C max (and consequently at C min and C bone ) had no impact on LDH concentration in the supernatant and thus were not responsible for cell death.
Intracellular action. The intracellular effect of the antimicrobials was expressed by the inoculum change between the initial and 24 h inocula (⌬log CFU) and compared to untreated cells. Of note, the mean initial inoculum was 1.8 ϫ 10 6 CFU/100,000 osteoblasts (95% CI [1.4 ϫ 10 6 to 2.1 ϫ 10 6 ]). At the bone concentration, vancomycin and daptomycin were not able to significantly prevent the intracellular growth observed in untreated cells (ϩ3.2 log 10 CFU/100,000 cells; 95% CI [ϩ2.1 to ϩ4.3]), highlighted by an intracellular inoculum increase of ϩ2.9 (95% CI [ϩ0.8 to ϩ4.9]; P ϭ 0.830) and ϩ1.7 (95% CI [Ϫ0.7 to ϩ4.0]) log 10 CFU/100,000 cells (P ϭ 0.070), respectively. Compared to untreated cells, an intracellular bacteriostatic effect was observed with ceftaroline and teicoplanin, which was estimated at Ϫ0.1 (95% CI [Ϫ2.5 to ϩ2.3]; P ϭ 0.002) and Ϫ0.2 (95% CI [Ϫ2.7 to ϩ2.3]; P ϭ 0.001) log 10 CFU/100,000 osteoblasts, respectively. At the bone concentration, a significant bactericidal effect was observed with fosfomycin (Ϫ2.5 log 10 CFU/ 100,000 cells; 95% CI [Ϫ0.6 to Ϫ4.5]; P Ͻ 10 Ϫ4 ), linezolid (Ϫ3.1 log 10 CFU/100,000 cells; 95% CI [Ϫ2.9 to Ϫ4.8]; P Ͻ 10 Ϫ4 ), tigecycline (Ϫ3.9 log 10 CFU/100,000 cells; 95% CI [Ϫ2. 9 Fig. 2 and Table 2 ). The combined analysis of the three concentrations used for each antimicrobial revealed a significant dose effect for oxacillin, ceftaroline, vancomycin, daptomycin, tigecycline, and ofloxacin ( Fig. 2 and Table 2 ).
Impact of antistaphylococcal antibiotics on intracellular SCV emergence. There was no SCV in the challenge inocula. After 24 h, the number of SCVs in untreated cells was 13,514/100,000 osteoblasts (95% CI [6,448 to 20,580] ), corresponding to 4.1% (95% CI [2.6 to 5.7]) of all colonies. Our data showed that this number did not increase, regardless of the antibiotic and concentration tested.
At the bone concentration, the number of SCVs was significantly decreased in the osteoblasts treated with ofloxacin, rifampin, and daptomycin, with a reduction of Ϫ79.7% (95% CI [-88.4 to Ϫ71.0]; P ϭ 0.001), Ϫ89.7% (95% CI [Ϫ96.6 to Ϫ82.7]; P ϭ 0.011), and Ϫ50.9% (95% CI [Ϫ25.1 to ϩ126.9]; P ϭ 0.004), respectively, compared to untreated cells (Fig. 1B and Ϫ3 ), and tigecycline (Ϫ8.1; 95% CI [Ϫ129.0 to ϩ145.2]; P ϭ 0.015) reduced the proportion of intracellular SCVs but only at the maximum concentration. A slight but significant dose effect was observed only with oxacillin ( Fig. 3 and Table 2 ). Other differences were not statistically significant.
DISCUSSION
Considering that intraosteoblastic S. aureus constitutes a bacterial reservoir leading to chronicity and relapse, targeting intracellular bacteria might be a major therapeutic issue in the antimicrobial therapy for BJI and should to be taken into account (11, 12) . 6 (95% CI ϭ1.4 ϫ 10 6 to 2.1 ϫ 10 6 ) for 100,000 osteoblasts, was compared to untreated cells (Mann-Whitney U-test). CI, confidence interval; SCV, small-colony variants; **, P Ͻ 0.01; ***, P Ͻ 0.00.
Compared to previous evaluations of the intracellular activity of antimicrobials, the present study was specifically adapted to BJI by the following: (i) the use of a human osteoblast infection model, thereby allowing a better estimation of the situation encountered in BJI, as opposed to using monocyte-macrophage cells, as previously described (22, 23) , and (ii) the evaluation of the antimicrobial intraosseous concentrations reached in humans when using standard therapeutic doses and not plasmatic (or higher) concentrations, which do not correspond to the therapeutic tissue reality (19) . Even if the distribution of antibiotics in the different parts of bones and joints (i.e., cortical and medullar bone tissue, joint fluid, synovial . . .) is likely heterogeneous, our model tried to closely fit with actually known pharmacologic conditions. At the bone concentration, vancomycin and daptomycin did not result in a significant reduction in the intracellular inoculum, and ceftaroline and teicoplanin appeared only bacteriostatic. Conversely, the other tested antimicrobials achieved a significant intracellular bactericidal effect: rifampin, ofloxacin, and clindamycin were the most active molecules. These results must be analyzed with regard to the relative intracellular distribution of bacteria and antimicrobials and the physicochemical parameters of intracellular compartments. After the internalization step, S. aureus is processed in a phagolysosome, which is characterized by a low pH, and certain S. aureus strains are able to escape from the phagosome. The proportion of bacteria released into the cytoplasm depends on the time from infection (ranging from 10 to 30% at 2 h to 60 to 80% after 8 h) but also on various virulence factors, including delta-and beta-toxins and phenol-soluble modulins (24) . Within this context, the low activity of vancomycin on intracellular staphylococci can consequently lie in its slow uptake and modest cellular accumulation compared to teicoplanin, a more lipophilic glycopeptide, which shows a more extensive and faster accumulation (25, 26) . Conversely, the good intracellular activity of clindamycin, fluoroquinolones, and rifampin can be explained by their well-known rapid accumulation in eukaryotic cells (27) (28) (29) . However, fluoroquinolones are mainly located in the cytosol, whereas clindamycin and rifampin are distributed both in the cytosol and phagosomes, likely allowing these molecules to target all intracellular S. aureus cells (30) . Moreover, the local environment, and especially the acidic pH, can be unfavorable to the activity of some antibiotics. For instance, such conditions only slightly affect fluoroquinolones and clindamycin, with the retention of their good intracellular activity (30) . Interestingly, some studies have even shown that methicillin-resistant S. aureus strains recover their susceptibility to ␤-lactam antibiotics when they are phagocytised by eukaryotic cells due to the acidic pH in phagolysosomes (31, 32) . Indeed, penicillin-binding protein (PBP) 2a, a low ␤-lactam-affinity PBP encoded by the mecA gene and conferring resistance to penicillin, can be acetylated by ␤-lactams due to a pH-induced conformational change (33) . This mechanism can possibly be involved in the increased intracellular activity of ␤-lactams against methicillin-resistant S. aureus due to a similar conformational modification of natural PBPs. To our knowledge, only two studies previously assessed the intraosteoblastic activity of some antimicrobials. Kreis et al. recently obtained results concordant with ours using tigecycline and rifampin but with tigecycline concentrations 30-fold higher than therapeutic bone concentrations (34). Ellington et al. also suggested an excellent intraosteoblastic activity of rifampin, clindamycin, and macrolides, but these compounds were used at MICs and not at bone concentrations (22) . Other studies were performed using monocyte or macrophage cell lines, showing that the intracellular activity of the antistaphylococcal depends on the exposure time and the extracellular concentration of the mole- 6 (95% CI ϭ 1.4 ϫ 10 6 to 2.1 ϫ 10 6 ) for 100,000 osteoblasts. The dose effect was assessed using linear regression between the three used concentrations. CI, confidence interval; *, P Ͻ 0.05. cules tested, which emphasizes the importance of using therapeutic bone concentrations (35) . As in the present work, these studies have also highlighted a superiority of fluoroquinolones on internalized bacteria and the inefficiency of vancomycin in macrophages (35) (36) (37) . Finally, animal models have also been used to evaluate the intracellular activity of antistaphylococcal molecules. In a mouse model of staphylococcal peritonitis, Sandberg et al. classified the intracellular activity of antimicrobials as follows: dicloxacillin Ͼ rifampin Ͼ gentamicin (38) . However, a peritonitis model does not match the tissue reality of BJI, for which antibiotic diffusion problems is a major concern. In another mouse model of foreign-device infection, Murillo et al. confirmed the superiority of fluoroquinolones over ␤-lactam antibiotics in the eradication of intracellular S. aureus (39) .
The interpretation of the results obtained for SCVs is more complex, since the observed results after 24 h of treatment is a balance between the emergence of these phenotypic variants, which can be promoted by the stress induced by the tested antibiotics themselves, and the efficacy of these same antibiotics on the SCVs. A previous study has shown that most antibiotics were able to kill intracellular SCVs, depending on the concentration used (40) . Using a therapeutic concentration, we showed that among intracellularly active antimicrobials, only ofloxacin was able to limit the intracellular emergence of SCVs. Finally, an accurate definition of SCV, involving not only colony size but also metabolism markers, for example, is lacking and may have helped to more precisely describe these variants.
Some limitations of our study must be addressed. First, only one S. aureus reference strain was tested, which may represent a limitation to the extrapolation of our results to different clinical isolates. Moreover, it would have been interesting to assess the intracellular concentrations of antibiotics, which was not technically feasible in our laboratory. Nevertheless, as mentioned above, only a subcellular pharmacodynamics analysis would have been relevant, taking into account both the intracellular location of bacteria and antimicrobials. Thus, the binding of each antimicrobial to culture medium proteins was not considered and may have impacted the available amount of antibiotic for intracellular dif- 6 (95% CI ϭ 1.4 ϫ 10 6 to 2.1 ϫ 10 6 ) for 100,000 osteoblasts, was compared to untreated cells (Mann-Whitney U-test). The dose effect was assessed using linear regression between the three used concentrations. CI, confidence interval; SCV, small-colony variants; *, P Ͻ 0.05. fusion. However, this parameter is rarely taken into account in bone diffusion studies in the literature. Consequently, the choice of concentrations used in our study is most likely the most relevant according to current pharmacological knowledge. Finally, antimicrobials were added after a 2-h period of cell infection. However, Ellington et al. showed that the intracellular antibiotic activity decreased when staphylococci persisted for 12 h intracellularly before treatment, likely due to a change in the bacterial cell wall (22) . In addition, the short duration of treatment (24 h) can explain why antibiotics with a slow bactericidal effect, such as vancomycin, showed no significant activity in our model. A similar study using various infection and treatment periods could be interesting to confirm these results under our experimental conditions. Similarly, the use of such models will be very interesting regarding the evaluation of SCV, since their emergence can be impacted by the duration of intracellular persistence (14) and likely by the length of contact with antibiotics.
In conclusion, our results provide the first assessment of the intraosteoblastic activity of a large panel of antimicrobial used in BJI, as evaluated at therapeutic bone concentrations. Ofloxacin exhibited the best therapeutic pattern, with an excellent intracellular activity while limiting the emergence of SCVs. These data provide a basis for refining the choice of antibiotics to prioritise in the management of difficult-to-treat S. aureus BJI. For instance, our results justify and promote the combination a fluoroquinolone due to its good intracellular activity with an already wellknown anti-biofilm molecule, such as rifampin.
